Background {#Sec1}
==========

The umbilical cord normally contains two arteries and one vein. The condition characterized by the absence of one of the umbilical arteries (UAs) is referred to as single umbilical artery (SUA) \[[@CR1], [@CR2]\]. SUA is one of the most common prenatally diagnosed fetal abnormalities with an incidence of around 0.2--2% \[[@CR3]\]. The most widely accepted explanations for this anomaly are primary agenesis or later thrombotic atrophy of the UA. This malformation is 3--4 times more common in multiple pregnancies than in single pregnancies \[[@CR4]\]. Approximately 65% of SUA cases appear to be isolated findings \[[@CR5], [@CR6]\]. Most cases of isolated SUA are not associated with the presence of other malformations, and in these cases, chromosomal alterations are not usually present. However, more often, isolated SUA cases give rise to the development of certain obstetric complications, such as fetal growth restriction and increased perinatal mortality \[[@CR7]--[@CR9]\]^.^

In pediatric and adult cardiology, the right heart is often targeted to evaluate changes in cardiac function resulting from alterations in preload or afterload, which subsequently affect right heart function \[[@CR10]\].Tricuspid annular plane systolic excursion (TAPSE) is a commonly applied measure of right ventricular systolic function that quantifies right ventricular contraction. TAPSE in pediatric and adult patients with heart failure, and is measured by the longitudinal contraction of the right heart; TAPSE is more reliable than shortening fraction, which measures crosswise contraction of the ventricle \[[@CR11]\].

The right ventricle functions is the dominant or systemic ventricle, and thus structural or functional anomalies affecting preload or afterload consequently affect fetal performance of the right heart. The objective of this study was to evaluate differences in right ventricular function during gestation between fetuses with isolated SUA and healthy fetuses. Also, we aimed to determine if fetal tricuspid annular plane systolic excursion (f-TAPSE) influences fetal growth and birth weight in cases of isolated SUA.

Methods {#Sec2}
=======

Study subjects {#Sec3}
--------------

We prospectively studied 77 fetuses from 22 to 39 weeks of gestational age with prenatally identified isolated SUA and 77 gestational age-matched healthy fetuses in Gansu Provincial Maternity and Child-care Hospital between July 2017 and December 2018. According to gestational age, the isolated SUA fetuses and the healthy fetuses were divided into the second trimester group (22--27 weeks; 43 fetuses) and the third trimester group (28--39 weeks; 34 cases). The study protocol was approved by the hospital ethics committee and pregnant mothers provided their written informed consent. We excluded pregnant mothers with multiple gestations and pregnancies presenting associated fetal anomalies, including structural abnormalities, congenital heart disease, abnormal karyotype, and pregnant mothers with conditions that may affect fetal hemodynamics, such as maternal diabetes, pre-eclampsia, preterm labor, or endocrinological disorders such as thyroid disease.

The diagnosis of isolated SUA was made or confirmed using color Doppler ultrasonography at the level of the fetal abdominal cord insertion, by observing the absence of one of the two umbilical arteries (UAs), which normally encircle the fetal bladder. In all cases, diagnosis of isolated SUA was confirmed by postnatal pathological examination and all newborns were determined to be anatomically normal at delivery. The newborns were diagnosed as small-for-gestational-age (SGA) when birth weight was below the 10th percentile for gestational age. Demographic data including maternal age, weight, height, body mass index, parity, and medical history were collected. Gestational age was calculated based on the first day of the last menstrual period and confirmed by crown--rump length measurement at the first-trimester ultrasound scan.

Instruments and methods {#Sec4}
-----------------------

E10 (GE Healthcare, USA) ultrasound systems were used with the obstetric preset. The Doppler energy was set to \< 100 mW/cm^2^. Fetal biometric measurements were performed on each scan. Subsequently, fetal echocardiography was performed by an expert sonographer and the spatiotemporal image correlation (STIC) volume was acquired. In addition to standard biometry, f-TAPSE was also measured in the four-chamber view with the cardiac apex set at the 12 o'clock position. In the STIC M-mode investigation, the M-mode beam was aligned through the lateral aspect of the tricuspid valve annulus, parallel to the interventricular septum.

The sample box included the whole fetal heart and its adjacent structures. Volume data was acquired when: (1) the probe was held still; (2) no fetal movement was present; (3) at least three complete cardiac cycles were included; (4) the fetus was in a supine position, and the angle between ultrasound beam and the heart was \< 30°; (5) there was no or very little shadowing from the ribs in the fetal heart. Qualified images were saved for offline analysis. Measurement on STIC M-mode was then performed with measurement of the amplitude of the wave (Fig. [1](#Fig1){ref-type="fig"}). Two to three measures of f-TAPSE were taken and the results were averaged.Fig. 1Measurement of spatiotemporal image correlation (STIC) M-mode fetal tricuspid annular plane systolic excursion (f-TAPSE) vertically, parallel to the interventricular septum. Measurement was performed in post-processing and was taken 'up-up' on the M-mode trace

Statistical analysis {#Sec5}
--------------------

Data analysis was performed using IBM SPSS Statistics for Windows, version 23.0 (IBM Corp., Armonk, N.Y., USA). Continuous variables are presented as mean ± SD or median (interquartile range), as appropriate. Linear polynomial regression was used to estimate the relationship between the studied variables and gestational age (GA) expressed in exact weeks (decimal days). Mean and SD curves as a function of GA were calculated and plotted. The equations of the polynomial regression were used to calculate the fitted mean and 5th and 95th centiles for the corresponding GA. Confidence intervals were calculated for the fitted mean. Spearman's rho was used to assess correlation between f-TAPSE and GA.

Results {#Sec6}
=======

We recruited 154 gravidae for the study, ranging in GA from 22 to 39 (mean, 29 ± 2) weeks. Seventy-seven cases of isolated SUA fetal umbilical cord color flow showed only one umbilical artery and one umbilical vein, including 42 cases of left branch loss and 35 cases of right branch loss; These 77 fetuses showing isolated SUA and 77 normal fetuses were followed up to birth, and basic conditions of neonatal birth between the two groups were analyzed. In univariate analysis, the presence of an isolated SUA was significantly associated with a higher prevalence of SGA (13.0% compared with 3.9%; *P* \< 0.01); The differences in body weight and placenta quality between the two groups were statistically significant (*P* \< 0.05; Table [1](#Tab1){ref-type="table"}). There were no significant differences in maternal weight, gestational age at delivery, maternal age, and body mass index (*P* \> 0.05; Table [1](#Tab1){ref-type="table"}). There was no significant difference in f-TAPSE between isolated SUA group and control group in the second trimester (*P* \> 0.05 Table [2](#Tab2){ref-type="table"}). The difference in f-TAPSE between isolated SUA group and control group in the third trimester was statistically significant (*P* \< 0.05 Table [2](#Tab2){ref-type="table"}). Isolated SUA and control f-TAPSE were positively correlated with gestational age (*P* \< 0.01).Table 1Demographic and clinical characteristics between the isolated SUA and control groupisolated SUA groupcontrol group*P*-valueMaternal weight (kg)61.9 ± 5.861.8 ± 5.50.978Body mass index (kg/m^2^)24.1 ± 3.624.6 ± 3.70.853Maternal age (years)27.7 ± 5.227.5 ± 4.50.382Delivery at week37.9 ± 1.138.8 ± 0.90.139Birth weight (kg)2.9 ± 0.33.3 ± 0.40.011placenta quality (kg)461 ± 59523 ± 620.000Table 2Comparison of STIC M-mode f-TAPSE between the isolated SUA and control groupsIsolated SUAcontrol*P*-valueSecond trimester group (*n* = 43)4.46 ± 0.264.56 ± 0.260.061Third trimester group (*n* = 34)5.90 ± 0.976.40 ± 1.020.042

Statistical software analysis showed that GA and f-TAPSE had a high positive correlation. The scatter plot in Fig. [2](#Fig2){ref-type="fig"} showed a linear correlation between GA and f-TAPSE, the correlation was good, and all were positively correlated (*P* \< 0.001). The linear regression equation of normal fetal f-TAPSE and GA is: Y = 0.2292 × GA − 1.112 (R^2^ = 0.90) and the linear regression equation of isolated SUA fetal f-TAPSE and GA is: Y = 0.1847 × GA − 0.1341 (R^2^ = 0.81). The correlations between the birth weight and f-TAPSE in the two groups in the the third trimester were analyzed, and the correlation in the isolated SUA Group was better than that of the control group (R^2^ was 0.623 and 0.463 in the isolated SUA group and the control group, respectively) (Fig. [3](#Fig3){ref-type="fig"}).Fig. 2Scatterplots, with isolated SUA, of spatiotemporal image correlation (STIC) M-mode fetal tricuspid annular plane systolic excursion (f-TAPSE) against: (Control) estimated f-TAPSE (regression line: 0.2292 × GA − 1.112 R^2^ = 0.90); and (isolated SUA) estimated f-TAPSE (regression line: 0.1847 × GA − 0.1341 R^2^ = 0.81)Fig. 3Scatterplots, with isolated SUA, of the correlations between the birth weight and spatiotemporal image correlation (STIC) M-mode fetal tricuspid annular plane systolic excursion (f-TAPSE) against: (Control) estimated birth weight (regression line:0.1734 × f-TAPSE+ 2.006 R^2^ = 0.4630); and (isolated SUA) estimated birth weight (regression line: Y = 0.2371 × f-TAPSE + 1.407 R^2^ = 0.623)

Discussion {#Sec7}
==========

We found no evidence that fetuses with isolated SUA have increased risk of aneuploidy. Fetuses with an apparently isolated SUA potentially have increased risk of impaired fetal growth. In this study we confirmed that the presence of an isolated SUA is associated with SGA. The finding of an isolated SUA being associated with SGA birth has been shown previously; it may not be related directly to the composition of the umbilical cord itself, but rather to a wider pathological process affecting the placenta \[[@CR12]\]. The presence of an isolated SUA is associated with SGA, pregnancy-induced hypertension, and medically indicated preterm birth \[[@CR3]\]. However, some other studies have shown that certain obstetric complications were often observed in isolated SUA cases, such as fetal growth restriction and increased perinatal mortality \[[@CR13]\].

In addition to detecting abnormal fetal heart structure, ultrasound can also quantitatively evaluate fetal heart hemodynamics and cardiac function. There are many methods for evaluating fetal cardiac function, including common M-mode, atrioventricular valve blood flow velocity measurement, TEI index, and myocardial strain--strain rate analysis. Each of these methods performs a cardiac evaluation from a slightly different angle, applying different techniques that have their own advantages. The right ventricle is the dominant or systemic ventricle in the fetus, but it is somewhat less studied than the left ventricle. The left ventricle can be evaluated very effectively with the modified myocardial performance index (mod-MPI), but this measure is cumbersome in the right ventricle; the two Doppler measures necessary for MPI calculation must be made in two separate planes in the right heart, so they cannot be obtained during the same cardiac cycle \[[@CR14], [@CR15]\]. Other methods of evaluation of right heart function have been applied in fetuses or are common in children and adults. Despite their advantages, these methods have their own disadvantages. Systolic function assessment also includes measurement of pulmonary artery peak velocities, TAPSE, 3D/4D ultrasound-based measures, tissue Doppler derived measures, speckle tracking, and magnetic resonance imaging (MRI).

The STIC technology closely links fetal heart three-dimensional data with time information and can directly perform three-dimensional dynamic ultrasound imaging of fetal heart. It can directly measure the right ventricular systolic function of the fetus by directly measuring the amplitude of the tricuspid annulus. f-TAPSE is a commonly used measure of right ventricular systolic function, and the biggest advantage of this method is that the sound beam is perpendicular to the annulus to reduce the measurement error caused by the ultrasonic beam angle, which improves the accuracy and repeatability of the measurement. In addition, we were able to return to saved volumes to examine the f-TAPSE any time after the examination. Thus, this evaluation of the fetal heart function is more convenient and accurate. We used STIC M-mode interrogation firstly for evaluation of right ventricular myocardial function in fetuses with isolated SUA and in those with normal cardiac anatomy. Secondly, we aimed to test for possible changes in right ventricular function with gestational age. According to our protocol, fetuses of ≥22 weeks of gestational age were included in this study, because feasibility and reproducibility of STIC M-mode during the first trimester of gestation remains technically challenging.

Many studies have evaluated fetal heart function mainly focusing on pregnancy complications, which is more common in pregnancy-induced hypertension and gestational diabetes. SUA is a common obstetric complication in clinical practice, and because in SUA fetuses lack an umbilical artery, it may cause fetal hemodynamic changes and consequently affect fetal cardiac function \[[@CR9]\]. However, current reports and research on cardiac function of fetuses having an isolated SUA are not common, and thus we lack a common understanding of this condition. At present, f-TAPSE has been recognized as a sensitive index to assess right heart function and is widely used in the assessment of right heart systolic function in children and adults \[[@CR16], [@CR17]\]. But unfortunately, there are few reports on the evaluation of fetal right heart function by f-TAPSE application. This study aims to accurately assess right ventricular systolic function of isolated SUA using the STIC-M technique, which can better assess intrauterine development and outcome of isolated SUA, and thus provide an objective basis for mother and child monitoring during pregnancy.

We found no significant difference in f-TAPSE of the isolated SUA between the second trimester group and the control group, indicating that the right systolic function of the isolated SUA in the second trimester group has not changed significantly. The first possible explanation is: although fetuses with isolated SUA have one less umbilical artery than healthy fetuses, the fetal isolated SUA may increase its inner diameter to compensate for the reduced blood flow, thus ensuring adequate cardiac output to the fetus \[[@CR18], [@CR19]\]. Previous studies have demonstrated the ability of the SUA to compensate with gradual dilation to decrease resistance and carry twice the blood volume of an artery in a three-vessel cord \[[@CR19]\]. The second possibility is the early hemodynamic changes in the second trimester in fetuses with isolated SUA. This stage is not enough to cause changes in the right heart contractility and function of the fetus. Finally, fetal hemodynamics may change due to the lack of an UA in the isolated SUA fetus. The fetus conducts its own blood flow regulation through the "brain protection effect" to achieve the balance of overall blood flow.

In this study, the difference of f-TAPSE between isolated SUA and normal group in the third trimester group was significant, indicating that the right systolic function of the isolated SUA in the third trimester was lower than that in the normal group. So we should suggest to do the 'high risk follow-up' only at the third trimester with isolated SUA fetuses. Possible reasons for this include: First, the incidence of preterm birth and low body weight in isolated SUA is obvious. The frequency of SGA was higher among pregnancies complicated by an isolated single umbilical artery higher than control fetuses, as we observed low fetal weight in isolated SUA group compared to control. Perhaps the isolated SUA fetus is more likely to have a lower birth weight and f-TAPSE than control group. Cardiovascular changes persist into childhood in the form of remodeled and less efficient globular hearts, hypertension, and increased vascular wall thicknes \[[@CR20]\]. Several studies have demonstrated that SGA fetuses present subclinical signs of cardiac dysfunction \[[@CR21], [@CR22]\]. Nevertheless, even in structurally and karyotypically normal fetuses, the finding of an isolated SUA has been associated with SGA, which may not be related directly to the composition of the umbilical cord itself, but rather to a wider pathological process. Secondly, changes in fetal right heart function during late pregnancy may be caused by changes in isolated SUA fetal placental structure and blood flow. In this study, the fetal placental quality of the isolated SUA group was lower than that of the control group. It might be that the isolated SUA fetal placental structure and blood flow changes pose a greater risk for the isolated SUA fetus to be born with low birth weight and lead to a decrease in right systolic function. Some studies have shown that fetuses with isolated SUA are at greater risk of abnormal placental development and perfusion rather than inadequate fetoplacental blood flow through the remaining umbilical artery \[[@CR12]\].

We also showed that isolated SUA and normal f-TAPSE were positively correlated with gestational age, indicating that isolated SUA and normal fetal contractile function were correlated with fetal gestational age. This may increase with fetal gestational age and with increased fetal weight. Greater blood capacity is required to provide nutrients for themselves, and the correlation between isolated SUA f-TAPSE and GA is lower than in the control group. This might be due to the low correlation between f-TAPSE and GA secondary to the low birth weight of isolated SUA fetuses. Finally, the correlations between the birth weight and f-TAPSE in the two groups of third trimester were analyzed, and the correlation in the isolated SUA group was better than that of the control group. Previous study have showed that f-TAPSE had a steady linear increase over the course of gestation and strong correlation with GA and estimated fetal weight \[[@CR14]\]. So, the effect that causes f-TAPSE between the two groups may be due to the difference in fetal weight. So, the authors believe that if the study continues in the future with a large sample size of the isolated SUA, we can predict the weight of isolated SUA fetuses with f-TAPSE in third trimester.

Conclusions {#Sec8}
===========

STIC technology can be used to detect the right cardiac function of isolated SUA and determine changes in cardiac systolic function. STIC can also help to make an objective intrauterine assessment of the occurrence and development of isolated SUA, predict prognosis, and guide clinical testing.
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